The development of the field of molecular machines 1 has enabled a fine control of mechanical motion at the molecular scale. Inspired by biological systems or macroscopic counterparts a large variety of molecular machines have been designed by synthetic chemists. 2 However, using the motion in these machines to control physical properties at the molecular level remains a challenge. In particular, controlling magnetic interaction is of importance for molecular-scale information processing and memory devices. 3 While temperature or light have been used to switch the total spin of a molecule in spin crossover, 4 photomagnetic 5 or photochromic 6 systems, controlling magnetic interactions by a mechanical motion remains largely unexplored. In the latter approach the external stimulus is not focused directly on the electronic state of the site responsible for the magnetic properties but on a remote site leading to a conformational rearrangement that results in modification of magnetic interactions. Thus, the two processes of switching and property change are distinguished, so that a given conformational switch can be combined with different functional units. To the best of our knowledge, only few such examples are reported in the literature. An electronic rearrangement from a diamagnetic to a paramagnetic state was obtained by Herges et al. using a photo-controlled coordination of a tethered pyridine ligand in a Ni-porphyrine based complex. 7 Reversible through space control of magnetic interaction has been described by Kaneko et al. using polymer folding 8 and by Feringa et al. using a photoswitchable molecular motor functionalized by TEMPO radical moieties. 9 Molecular tweezers 10 that have already been used for the control of luminescence properties and molecular recognition 11 are an alternative architecture to achieve this objective. In particular, we have recently developed switchable molecular tweezers 12 based on a terpyridine ligand substituted by metal-salphen complexes that can switch upon metal coordination from a ''W'' shaped open form to a ''U'' closed form bringing the two salphen moieties in close spatial proximity (Fig. 1) . We propose to use this modular design to control the magnetic interaction between paramagnetic Cu(II)-salphen (d 9 S = 1/2) complexes via a mechanical motion. This system based on metal coordination is promising as it presents benefits over photochemical switches, giving total conversion and offering thermal stability. Herein we describe a dinuclear terpy(Cu-salphen) 2 tweezertype complex composed of a terpyridine ligand as switching unit and two copper salphen spin bearing moieties (Fig. 1) . We expect taking advantage of the tunable distance to achieve a reversible control of magnetic interaction between two spins by exchange and dipolar interactions. The synthesis, switching and magnetic studies by EPR and SQUID of the tweezers are reported here. The tweezers 1 were synthetized in 4 steps following a building block strategy using as a key step a double Sonogashira coupling between alkyne substituted Cu-salphen moieties and 6,6 00 dibromoterpyridine. Complete synthesis and characterizations are detailed in the ESI. † Open tweezers 1 were characterized by mass spectrometry and X-ray diffraction on single crystals obtained by slow solvent evaporation ( Fig. 2 ). Tweezers 1 crystallize in an orthorhombic space group Pbcn with a unit cell of 8831.0(2) Å 3 (a = 11.3594(2) Å,
. The molecule adopts an almost planar geometry with a small torsion angle between the Cu-salphen planes of 191. The copper atoms are in a square planar geometry with average Cu-O and Cu-N distances of respectively 1.898(4) and 1.940(4) Å characteristic of Cu-salen complexes. 13 The terpyridine adopts an s-trans conformation as expected from the repulsion between the nitrogen lone pairs leading to a large intramolecular Cu-Cu distance of 21.39 Å.
The tweezers mechanical motion of closing and opening was investigated by UV-Visible spectroscopy in solution. Titration of 1 by Zn(ClO 4 ) 2 (Fig. 3) showed a single step evolution until addition of one equivalent of zinc with isosbestic points (at 356, 398, and 474 nm), indicating the exclusive formation of the [Zn (1) (Fig. S4, ESI †) . The titration curves were fitted by a 1 : 1 binding model and revealed a strong binding constant (log K 4 8).
14 The structure of the closed tweezers was determined in the solid state by X-ray diffraction on single crystal of [Zn(1)]Cl 2 complex (Fig. 4) Zn-N (2.07 Å) distances and pyramidal geometry described in literature for Zn-salphen complexes. 15 The zinc is pentacoordinated to the three nitrogen atoms of terpy and two chlorides that complete the coordination sphere. The intramolecular Cu-Cu distance of 4.03 Å is drastically shorter than in the open form and should lead to significant modification in the magnetic interaction between the two unpaired electrons of the copper ions. Despite such a high complexation constant with zinc, a reopening was obtained without modification of the Cu complexation by addition of tris(2-aminoethyl)amine (tren) as competitive ligand (Fig. S3, ESI †) . Indeed the open tweezers spectrum was recovered after addition of around one equivalent of tren, with the same isosbestic points as for the closing, demonstrating the reversibility of the mechanical motion. The addition of an excess of tren did not lead to copper decoordination, indicating the larger stability of Cu-salphen compared to Zn-terpy or Cu-tren complexes. This is consistent with no observed scrambling between zinc and copper during the tweezers closing.
Having demonstrated the reversible mechanical motion, the metal-metal interactions between the two paramagnetic centers in the open and closed form were first investigated by EPR spectroscopy in frozen solution. Fig. 5a shows the EPR spectrum of the open tweezers 1 in CHCl 3 , which is characteristic Fig. 2 Crystal structure of open tweezers 1 side and top view. of an electronic spin 1/2 located on a copper atom in an axial symmetry. 16 The spectrum is composed of an intense singlet corresponding to the perpendicular transition, and less intense quadruplet corresponding to the parallel transition with a hyperfine coupling with copper (I = 3/2) as determined from simulation (Table 1 ). This spectrum demonstrates the absence of coupling interactions in the open tweezers 1 which is expected from the large intramolecular Cu-Cu distance observed in the crystal structure. However, the EPR spectrum of the tweezers closed with Zn 2+ is drastically different (Fig. 5b) . A doublet-like signal is observed, which is typical for a triplet state in axial geometry as confirmed by the presence of the half-field forbidden transition DM s = AE2 (Fig. S5 , ESI †). This zero field splitting results from a dipolar coupling interaction between the two 1/2 spins located on each copper(II) ion in close spatial proximity. 16b,17 In particular, four transitions are observed (Fig. S5 , ESI †) indicating a predominant Zeeman effect (B c hn): a small septuplet corresponding to a parallel transition with hyperfine coupling with the 2 Cu; two unstructured perpendicular transitions; and a small septuplet parallel transition. This spectral analysis confirmed that the tweezers closing results in a through space exchange interaction leading to the formation of two new triplet and singlet levels. Simulation of the spectra permitted the determination of the hyperfine coupling constants (Table 1) , as well as the zero field splitting parameter (D = 314.5 G). Since the zero field splitting originates from a dipolar interaction that strongly depends on the spin-spin distance, the D value was utilized to evaluate the distance between the two interacting paramagnetic metal ions (eqn (1) in ESI †). 18 The copper-copper intramolecular distance was determined to be B4.4 Å, which is in good in agreement with the one measured in the solid state (4.0 Å). In summary the close spatial proximity between the Cu centers generates a S = 1 spin state by through space magnetic coupling showing the interest of this approach to control magnetic interaction by the mechanical motion.
Since the spin ground state and the nature of the exchange coupling interaction is not directly accessible from the EPR spectra, SQUID experiments were carried out (Fig. 6a) . The wT versus T curve for open tweezers 1 is characteristic of a paramagnetic system corresponding to non-interacting spins 1/2. wT is constant over a large temperature range, with an experimental value of 0.78 cm 3 K mol À1 in agreement with two isolated Cu(II) (theoretical value 0.75 cm 3 K mol
À1
). Even if in the crystal structure the stacking results in a short intermolecular Cu-Cu distance (4.06 Å), the tilted conformation (B451 dihedral angle) between the two neighboring Cu-salphen might not allow the overlap between the d x 2 Ày 2 magnetic orbitals leading to the observed paramagnetic behavior. As the measurement was performed on a powder, the stacking of neighboring complexes might also be negligible. The wT = f (T) data for single crystals of the closed tweezers [Zn(1)]Cl 2 shows a decrease starting below 15 K that reveals a weak antiferromagnetic coupling between the metallic centers. Since the intramolecular Cu-Cu distance (4.03 Å) is much shorter than the intermolecular one (9.5 Å) in the crystal structure, this exchange interaction can be attributed to an antiferromagnetic intramolecular interaction in a dinuclear copper complex. In this case, the stacked conformation between the two Cu-salphen allows a better overlap between the magnetic orbitals leading to an antiferromagnetic interaction. The experimental data were fitted by using the Heisenberg-DiracVan Vleck Hamiltonian and the exchange coupling value ( J) was determined to be À1.4 cm À1 . Thus the ground state of the closed tweezers is a singlet and the EPR signal correspond to the excited triplet state thermally populated even at low temperature due to the low J value (Fig. 6b ).
In conclusion, the control of the exchange interaction between two paramagnetic centers was achieved in solution by using a mechanical motion. The choice of a chemical stimulus instead of light or temperature opens the perspective to include this switch in a multicomponent system with chemical messengers. Upon tweezers closing the two isolated 1/2 spins located on each Cu(II) become antiferromagnetically coupled through space leading to a singlet ground state. This system is a rare example of mechanoinduced modification of magnetic properties. Conversion between both states is quantitative, and each state is stable at room temperature due to the high binding constant of the terpyridine moiety. These are notable features of such a mechanical switch with a chemical stimulus. Future work will focus on changing the nature of the metal ion and intercalating bridging ligands. This is expected to yield allosteric control of substrate binding and tunable coupling interactions through variation of the bridging ligand. BD thanks the Ecole Normale Supérieure de Cachan for a PhD Fellowship. Dr Sébastien Blanchard is warmly acknowledged for fruitful discussions. Geoffrey Gontard is thanked for the XRD measurements. Financial support from the ANR Switch (2010-Blan-712) and ANR E-storic (14-CE05-0002) are acknowledged.
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